T cells. Furthermore, extended culture of these isolated cells revealed functional activity, including efficient proliferation, sustained antigen-specific IFN-secretion, and cytotoxicity against pp65-pulsed target cells.
Introduction
There has been a great deal of research effort to enhance the success of allogeneic hematopoietic stem cell transplantation (HSCT) by improving pre-conditioning regimens and incorporating various immunosuppressants and graft manipulation methods. However, due to excessive immunosuppression, opportunistic pathogen infection has continued to be a serious cause of morbidity and mortality following HSCT. In particular, cytomegalovirus (CMV), a common herpes virus, is a major opportunistic pathogen that is frequently reactivated from latency during prolonged immunosuppression [1] . CMV causes diseases in different organs, including pneumonia, hepatitis, gastroenteritis, retinitis, and encephalitis. With the development of antiviral drugs, such as ganciclovir, foscarnet and cidofovir, the incidence of CMV-related diseases during the early post-transplantation period has decreased significantly. However, the broad use of antiviral drugs as preemptive and prophylactic therapies for CMV has produced new chal-
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Cell processing · Cell therapy · Cytomegalovirus · Cytotoxic T lymphocyte · Immunomagnetic separation · Interferon gamma Summary Background: Cytomegalovirus(CMV)-related diseases are a serious cause of morbidity and mortality following hematopoietic stem cell transplantation (HSCT). CMVspecific cytotoxic T lymphocytes (CMV-CTLs) have been reported as an alternative to antiviral drugs that provide long-term CMV-specific immunity without major side effects. However, their application has been limited by the prolonged manufacturing process required. Methods: In this study, we applied the IFN-cytokine capture system (CCS) using the fully automated CliniMACS Prodigy device for rapid production of CMV-CTLs, which may be applicable in clinically urgent CMV-related diseases. Five validation runs were performed using apheresis samples from randomly selected CMV-seropositive healthy blood donors. Successive processes, including antigen stimulation, anti-IFN-labeling, magnetic enrichment and elution, were then performed automatically using the Clini-MACS Prodigy, which took approximately 13 h. Results: The original apheresis samples consisted mainly of CD45RA+ CD62L+ naïve T cells as well as 0.3% IFN--secreting CD3+ T cells that showed a response to the CMV pp65 antigen (CD3+ IFN-+ cells). Following IFNenrichment, the target fraction contained 51.3% CD3+ IFN-+ cells with a reduction in naïve T cells and selection of CD45RA-CD62L-and CD45RA+ CD62L-memory lenges, including severe drug toxicities, higher treatment costs, potential antiviral resistance, delayed CMV-specific T-cell responses, and late-onset CMV-related disease [2] . Currently, ganciclovir is considered the standard agent for prevention and treatment of CMV-related diseases but is associated with high costs and frequent side effects. The increasing use of and exposure to ganciclovir have promoted the occurrence of late CMV-related disease and drug resistance. While second-line treatment is currently in development, the prognosis of patients who do not respond to standard therapy remains poor. Therefore, new therapeutic approaches for CMV reactivation following HSCT are needed.
As adaptive immunity, specifically T-cell immune responses, plays a critical role in viral reactivation and disease, clinical application of cellular immune therapies for CMV have attracted a great deal of interest over the last two decades [3] . Adoptive transfer of CMV-specific T cells can provide prompt control of viral reactivation as well as reconstitution of long-term CMV-specific immunity without major side effects. Despite the consensus that adoptive Tcell therapy may provide potent therapeutic effects, its application has not yet been standardized in the clinical setting and has been restricted to a few academic centers. The main obstacle that arises with cellular therapies is that difficulties remain in efficiently generating sufficient amounts of functional antigen-specific T cells for clinical use. The development of methods for generation of these cells in accordance with current Good Manufacturing Practice (GMP) standards with satisfactory efficacy and cost may allow rapid translation of T-cell therapy into clinical practice.
Several strategies to produce CMV-specific cytotoxic T lymphocytes (CMV-CTLs) have been developed by different investigators and are available for clinical use [4] . Classically, antigen-specific CTLs are generated via extended culture protocols using antigenpresenting cells. Early studies on CMV-CTLs involved live CMV or lysate as the target antigen [5] [6] [7] ; however, the availability of overlapping peptide pools now allows a simpler and safer manufacturing process [8] . Nonetheless, ex vivo culture involving antigen presentation requires a prolonged manufacturing time, which limits use in emergency settings. Therefore, recent approaches have focused on rapid generation of CMV-CTLs by direct selection technologies, including the use of multimers [9, 10] and the IFN-γ cytokine capture system (CCS) [10] [11] [12] [13] [14] . Direct selection methods have allowed simplified manufacturing and quality control processes circumventing regulatory issues. In particular, the IFN-γ CCS has several advantages over the multimer-based selection method, as it is HLA-independent, selects for both cytotoxic and helper T cells, and pre-activates the T cells through antigen-specific stimulation. The IFN-γ CCS has been available for over a decade and has been accompanied by either research-grade MiniMACS [11, 14, 15] or clinical-grade CliniMACS Plus [10, [12] [13] [14] 16] (both Miltenyi Biotec, Bergisch Gladbach, Germany). Despite its clinical compliance, CliniMACS Plus still requires considerable hands-on activity by the operator, which introduces potential handling errors and manufacturing inconsistencies. To overcome these limitations, the CliniMACS Prodigy was developed as a technical upgrade over the CliniMACS Plus, allowing a fully automated system. The Clini-MACS Prodigy (Miltenyi Biotec) was initially described for its automated density gradient separation, including red blood cell depletion, magnetic cell separation, and cell culture [17] . Recently, the integration of IFN-γ CCS software into the CliniMACS Prodigy has proven to be feasible for the automated production of CMV-specific T cells [18] .
In this study, we applied the fully automated CliniMACS Prodigy for rapid production of CMV pp65-specific CTLs. Here, we report additional functional data on the final cell product isolated by the CliniMACS Prodigy, which may accelerate its translation into the clinic.
Material and Methods

Donors
Five randomly selected HLA-A*02: 01+ or HLA-A*24: 02+ CMV-seropositive blood donors were recruited. All donors signed an informed consent form approved by the Institutional Review Board of Seoul St. Mary's Hospital, and all procedures were performed in accordance with the Declaration of Helsinki Protocols (KC15TISI0494). Apheresis was performed using a process volume not exceeding 5 l and a target hematocrit level less than 4%. This study was registered and approved by Clinical Research Information Service, Republic of Korea, in the WHO Registry Network (KCT0001713).
Reagents
Prodigy TS500 tubing sets, MACS GMP CMV pp65 PepTivator, CCS Reagent, CliniMACS PBS/EDTA buffer, TexMACS GMP medium, and Transfer Set Couplers were all kindly provided by Miltenyi Biotec. Sodium chloride solution (0.9%; Dai Han Pharm, Seoul, South Korea) with 2.5% human serum albumin (HSA; Green Cross, Yongin, South Korea) was used as the elution buffer. Cell transfer bags were from Terumo (Tokyo, Japan), and luer/spike adaptors were from Baxter (Zurich, Switzerland).
Isolation of CMV pp65-Specific T Cells Using the CliniMACS Prodigy
The principle of the CCS has been described previously [19] , and the CCS process using the CliniMACS Prodigy has also been described recently by Bunos and colleagues [18, 20, 21] . Briefly, PBS/EDTA buffer and elution buffer were first prepared by adding 0.5% and 2.5% HSA (w/v), respectively. The CMV pp65 PepTivator was reconstituted in distilled water and transferred to a transfer bag. The IFN-γ CCS protocol was selected in the Prodigy device, and the tubing set and appropriate buffers were installed manually. Following tubing set priming, PepTivator and the CCS were additionally attached to the tubing set. An aliquot of the apheresis product containing 10 9 cells was added to the application bag connected to the tubing set. The Prodigy device then automatically performed the successive processes, including sample washing, antigen stimulation, Catchmatrix labeling, anti-IFN-γ labeling, magnetic enrichment, and elution. Prior to magnetic enrichment, a quality control sample of the antigen-stimulated product was added manually. The applied sample was eluted into target cell and nontarget cell bags following magnetic enrichment. Analyses were performed on samples taken from the quality control, target, and non-target cell bags. In addition, an aliquot of the target cells was used for extension culture.
Expansion of Cells
Isolated cells (1 × 10 5 ) were co-cultured with 3,500 cGy-irradiated autologous peripheral blood-derived mononuclear cells (PBMCs; 2.5 × 10 6 ) in a 24-well plate. Cultures were suspended in 5% human serum (Sigma-Aldrich, St. Louis, MO, USA) containing AIM-V medium (Life Technologies, Carlsbad, CA, USA) supplemented with 50 IU/ml recombinant human interleukin-2 (rhIL-2; Peprotech, Rocky Hill, NJ, USA). Fresh culture medium and rhIL-2 were added on day 4 and every 2 days up to day 14. Cultures were maintained at 37 ° C under 5% (v/v) CO 2 .
Flow Cytometric Analysis
Immunophenotyping of mononuclear cells was performed by staining for various combinations of surface markers using the following fluorescence-conjugated antibodies: CD45, CD3, CD19, CD56, CD8, CD4, CD45RA, CD45RO, CD62L, CCR7, and IFN-γ. The frequency of CMV pp65-specific CD3+/CD8+ T cells was assessed by staining with pentameric HLA-A*02: 01 (pp65, NLVPM-VATV) and HLA-A*24: 02 (pp65, QYDPVAALF) peptide complexes (Proimmune, Oxford, UK) and surface markers CD8, CD3, CD4, and CD45. The Fixable Viability Dye eFluor 780 (eBioscience, San Diego, CA, USA) was used to exclude dead cells. Flow cytometry was performed using a Fortessa cytometer (BD Biosciences, San Jose, CA, USA) and FlowJo software (Tree Star, San Carlos, CA, USA). The flow cytometric gating strategy used in the study is shown in figure 1A .
Intracellular IFN-γ Staining Following Peptide Stimulation
Expanded cells were stimulated for 6 hs with CMV pp65 PepTivator (1 μg/ ml; Miltenyi Biotec). Brefeldin A (1 μg/ml; Sigma-Aldrich) was added for the last 4 h of incubation at 37 ° C under 5% (v/v) CO 2 . Positive controls stimulated with phorbol 12-myristate 13-acetate (25 ng/ml; Sigma-Aldrich) and ionomycin (250 ng/ml; Sigma-Aldrich) and negative controls without peptide stimulation were included. Cells were first stained for surface markers, including CD45, CD19, CD56, CD3, CD8, and CD4. Intracellular staining of IFN-γ was performed using an intracellular staining kit (eBioscience) according to the manufacturer's protocol. Flow cytometry was performed using the BD Biosciences Fortessa cytometer.
Preparation of Phytohemagglutinin(PHA)-Induced Blasts (PHA Blasts)
PHA -blasts were prepared from autologous PBMCs stimulated with PHA (3 μg/ml; Sigma-Aldrich) and rhIL-2 (25 IU/ml) in AIM V medium containing 5% human serum for 3-4 days. For peptide pulsing, PHA blasts (1 × 10 7 /ml) were harvested and incubated with CMV pp65 PepTivator (Miltenyi Biotec) at 2 μg/ml at 37 ° C under 5% (v/v) CO 2 for 2 h.
Cytotoxicity Assay
Flow cytometry-based cytotoxicity assay was performed as described previously [22] . Briefly, target cells (1 × 10 6 /ml) were labeled with 3,3 -dioctadecyloxacarbocyanine perchlorate (DIOC-18; Sigma-Aldrich) at 200 μg/ml in complete culture medium at 37 ° C under 5% (v/v) CO 2 for 45 min. Target cells (1 × 10 5 ) were incubated with the effector cells at effector:target ratios of 6.25, 12.5, and 25 for 4 h. Prior to flow cytometric acquisition, cells were stained with propidium iodide (PI; Sigma-Aldrich) and cytotoxicity was evaluated using a FACSCalibur cytometer (BD Biosciences). Target cells were gated on DIOC-18+ cells and then examined for cell death by uptake of PI. The percentage of effector cell-mediated cytotoxicity was then calculated using the following equation: 1).
Statistical Analysis
Unless otherwise indicated, data are presented as the mean ± range.
Results
Final Product Properties of the CliniMACS Prodigy IFN-γ CCS
Five validation runs were performed using apheresis samples from healthy donors containing 10 9 cells. Each run took approximately 13 h including the initial priming process. All procedures were performed automatically by the CliniMACS Prodigy CCS software; however, the initial tubing set-up and buffer and antigen preparation prior to the CCS run and quality control sample removal were performed by the operator. Each run resulted in the collection of three fractions: the original (quality control sample) fraction, the non-target fraction, and the target fraction. The product properties of each fraction are listed in table 1 and figure 1B.
After stimulation with CMV pp65 PepTivator for 4 h, the original fraction following pp65 stimulation but prior to magnetic separation consisted of 0.3% CD3+ IFN-γ+ T cells (range 0.057-2.51%) with 94% viability (range 78. 4 In addition, the frequencies of CMV pp65-specific CD3+ and CD8+ T cells were analyzed by pentamer assays prior to and following enrichment. Interestingly, the ratio of CMV pp65 antigenspecific T cells within the target fraction was enriched compared with the original fraction ( fig. 1C,D) . Following the IFN-γ CCS, CMV pp65-specific CD3+ T cells were enriched 1.7-fold (range 1.0-14.3-fold), and CMV pp65-specific CD8+ T cells were enriched 2.7-fold (range 1.25-5.40-fold). These results suggest that the IFN-γ+ T cells enriched by the IFN-γ CCS include CMV pp65 antigen-specific T cells.
While previous studies indicated that functional T cells are enriched by the IFN-γ CCS, the memory phenotype of the enriched cells was not discussed. In this study, we identified the T-cell subsets prior to and following IFN-γ-based enrichment ( fig. 2) . Prior to enrichment, the original apheresis sample consisted mainly of CD45RA+ CD62L+ naïve T cells among both CD4+ and CD8+ T cells ( fig. 2A,C) . Following enrichment, the target fraction showed decreased levels of naïve T cells and increased levels of CD45RA-CD62L-effector memory (TEM) and CD45RA+ CD62L-terminally differentiated effector memory (TEMRA) T cells ( fig. 2B,C 
Extended Culture Following Use of the IFN-γ CCS Results in Expansion of Functional CMV pp65-Specific T Cells
To further analyze the functional potential of the isolated CMVspecific T cells, we co-cultured cells from the target fraction with irradiated autologous mononuclear cells as feeder cells for 14 days. While the expansion rate was variable among donors, CMV-specific T cells proliferated efficiently, showing a 42-1,300-fold increase (median 178.5-fold) in the total number of cells ( fig. 3A) . Although the immunophenotype of the original and target fractions remained similar, expanded cells showed enrichment of CD3+ CD56+ natural killer T cells (median 44.9%; range 6.190-99.60%) and a reduction in CD19 + non-T cells (median 0.073%; range 0.01-1.460%). Furthermore, the ratio of CD4+ to CD8+ T cells decreased, as the CD8+ T-cell population became predominant (CD8+ T-cell median 80.40%; CD4+ T-cell median 10.90%) following expansion ( fig. 3B ).
In addition, pentamer assays confirmed that the frequency of CMV pp65-specific CD8+ T cells increased markedly during the extension culture period (fig. 3C ). The absolute number of CD3+ CMV pp65-specific T cells showed a 431-6,588-fold increase (median 1,021-fold) following 14 days of expansion (table 2). The increase in CMV pp65-specific T cells was correlated with antigen- specific IFN-γ secretion in response to CMV pp65 antigen ( fig. 3D ). Finally, expanded CMV pp65-specific T cells showed antigen-specific cytotoxicity against pp65-pulsed target cells, whereas autologous PHA blasts were not susceptible to lysis (fig. 4) , in all four donors. Therefore, extended culture following use of the IFN-γ CCS indicated that the isolated cells had high proliferative potential with appropriate stimuli while maintaining their antigenspecific functions.
Expanded Cells Contained a Mixture of Both CD4+ and CD8+ T Cells Exhibiting a Memory Phenotype
To investigate the proliferative potential of naïve cells within the isolated CMV pp65-specific T cells, we examined the changes in memory T-cell subsets following culture ( fig. 5 ). After 14 days of culture, expanded CMV pp65-specific T cells contained minimal naïve T cells among both the CD4+ (median 0.017%; range 0.00-11.80%) and CD8+ (median 0.034; range 0.005-3.19%) Tcell populations. Interestingly, TEMRA cell numbers were decreased during culture among both CD4+ (median 0.087%; range 0.05-1.31%) and CD8+ (median 0.077%; range 0.02-8. 
Discussion
In this study, we rapidly isolated CMV pp65-specific T cells by the IFN-γ CCS using the fully automated CliniMACS Prodigy device. We demonstrated through five validation runs that the IFN-γ CCS by the CliniMACS Prodigy provides a simple, robust, and feasible method to manufacture virus-specific T cells. Over the past few decades, most investigators have implemented the classical method, which involves use of antigen presenting cells, live virus, or viral vectors and prolonged culture that takes up to 12 weeks. This lengthy manufacturing time has limited the ready use of CTLs for urgent treatment of CMV reactivation. Advances in manufacturing technologies have allowed investigators to isolate CMVCTLs rapidly by immunomagnetic selection of HLA-A2-restricted peptide multimer-positive cells or IFN-γ-secreting T cells following stimulation by CMV peptides. In particular, the IFN-γ-based selection method rapidly selects for CMV-CTLs that secrete IFN-γ in response to stimulation by CMV pp65 peptides. IFN-γ CCS provides several advantages over both the classical and recent enrichment strategies by eliminating the need for antigen-presenting cells, live viruses, and viral vectors and by implementing HLA-unrestricted isolation that yields both CD4+ and CD8+ T cells in the final product.
A fully automated process has recently been made possible with the development of the CliniMACS Prodigy system, thus reducing overall labor intensity and improving standardization. Other investigators have also validated the feasibility of clinical-scale CMVspecific T-cell selection using the CliniMACS Prodigy [18, 20, 21] . However, full characterization of the final product has been insufficient due to the limited numbers of isolated cells. In the present study, we incorporated multicolor flow cytometry and extended cell culture to fully validate the functional and therapeutic potency of CMV-specific T cells enriched by the CliniMACS Prodigy IFN-γ CCS. As the selection is based on antigen-induced IFN-γ secretion, surface expression of IFN-γ has been used as the main marker to validate the isolation of antigen-specific T cells. Consistent with previous studies, we confirmed that the isolated target cell populations expressed IFN-γ (fig. 1B) . However, the purity of the target cell population varied (median 51.3%; range 8.74-84.9%). In particular, the isolated product of donor 4 contained 8.74% CD3+ IFN-γ+, 2.58% CD3-IFN-γ+, and 68.5% CD3+ IFN-γ-cells despite completion of the entire procedure without any specific errors. These outlying results for donor 4 suggest that, while automation allows a high degree of standardization of the production process, the final cell product is still highly variable because of donor-intrinsic factors, such as a low initial frequency of IFN-γ-secreting cells. While IFN-γ expression suggests functional capacity of the isolated cells, we also quantified T cells expressing CMV pp65-specific T-cell receptor by labeling peptide-MHC pentamers. Interestingly, we observed an increased proportion of pp65 pentamer-positive T cells following IFN-γ enrichment, providing direct evidence that the final product included CMV pp65 antigen-specific T cells (fig. 1B,C) . Multimer selection is an alternative selection strategy that has been applied in clinical settings to isolate T cells reactive with viral peptides [4] . Despite the high purity and specificity of these cells, the need for HLA typing and donors with a high frequency of circulating antigen-specific T cells severely limited its clinical application. The total number of multimer-selected CMVspecific CD3+ T cells infused has varied from 1.23 × 10 3 to 2.2 × 10 5 cells/kg body weight in previous studies [9, 23] . Our results demonstrated that the final product following enrichment included a median of 1.42 × 10 3 (range 1.74 × 10 2 -7.26 × 10 4 ) pp65-specific CD3 + T cells (table 2) . Importantly, the proportions of IFN-γ+ cells and multimer-positive T cells included within the final product showed some discrepancies. The majority of IFN-γ+ CD3+ cells were expected to be pp65 TCR multimer-binding T cells, but in reality only a relatively small number of multimer-specific T cells was present following enrichment. A possible explanation for these results is that, while the CMV pp65 peptide mix (PepTivator) used to stimulate the T cells prior to enrichment represented the complete pp65 protein sequence, only one pentamer was used for each HLA-A allele including the most common epitopes (CMV pp65 NLVPMVATV/A*02: 01 and QYDPVAALF/A*24: 02). Therefore, CTLs specific for rare epitopes may not have been detected. In addition, we were unable to quantify antigen-specific CD4+ T cells using MHC class II multimers, which may also have resulted in underestimation of pp65 multimer-specific CTLs. Nonetheless, it is important that for all donors, enriched IFN-γ+ T cells, regardless of the proportion of multimer-specific CTLs, show pp65 antigenspecific functional activity. In an early pre-clinical study, Rauser and colleagues [11] showed that CMV-CTLs isolated by an IFN-γ secretion assay do not necessarily exhibit a high frequency of multimer-binding T cells after enrichment and expansion of isolated cells. Similarly, we showed that extended culture can further expand pp65 pentamer-specific CD3+ T cells up to 6,588-fold (table 2; fig. 3C ), suggesting that adequate stimulation, such as in vivo transfer, may stimulate rapid expansion of pp65-specific T cells without alterations in phenotype or function ( fig. 3B, D) . In addition, although we were unable to detect CMV pp65 pentamerspecific CD4+ T cells, the isolated cell populations included IFN-γ+ CD4+ T cells ( fig. 1B) at a ratio of approximately 1: 1 with CD8+ T cells (fig. 1B, 3B ). It has been reported that the involvement of CD4+ T cells may contribute to enhanced survival of CD8+ T cells in vivo, thereby providing better clinical responses [24] . However, whether the IFN-γ-selected CD4+ T cells directly provide antigenspecific cytotoxicity remains to be elucidated.
A potential concern of T-cell therapy is the transfer of naïve T cells that may induce graft-versus-host disease (GVHD) in allogeneic recipients. The risk of GVHD may be reduced by limiting the dose of nonspecific T cells; however, the final product produced by the CliniMACS Prodigy IFN-γ included non-target IFN-γ-cells as well as small numbers of naïve T cells that may be potentially alloreactive. In a pre-clinical study, CMV-specific T cells selected by IFN-γ showed reduced alloreactivity against third-party dendritic cells [11] . However, the distinct populations of memory T cells were not characterized. We showed that CMV pp65-specific T cells enriched by the IFN-γ CCS have a marked reduction in the number of CD45RA+ CD62L+ naïve T cells ( fig. 2 ) by approximately 7-fold compared with the original apheresis sample. The absolute number of naïve T cells within the final product, which ranged from 1,500 to 46,000 cells (data not shown), may be insufficient to induce GVHD. However, whether the naïve T cells included in the final product are associated with non-target IFN-γ-cells requires further analysis in future studies to fully define the composition and potential risk of contaminating cells. In addition, extended culture of the selected cells further eradicated potentially alloreactive naïve T cells, while the heterogeneity of both central memory and TEM cells was maintained ( fig. 5 ). In addition, IFN-γ-enriched cells included mostly CD45RA-CD62L-TEM cells, which have homing abilities and induce effector functions following antigenic stimulation [25] . Interestingly, CD45RA-CD62L+ central memory T cells were expanded during culture, resulting in a 7: 3 ratio of effector memory cells to central memory cells. It has been noted previously that central memory T cells persist longer in vivo following administration [26] . These results are important in that even small numbers of enriched cells may provide a durable response following infusion. Therefore, not only do the enriched/expanded CMV-specific T cells have reduced alloreactivity, but they also have the capacity for long-term survival and potent functional effects in vivo.
In the present study, we combined direct selection of IFN-γ-secreting cells with the T-cell expansion protocol. Although this additional step served mainly to characterize the CMV pp65 antigen-specific T cells, the results suggested that extended cell culture may provide a supplementary approach to antigen-specific T-cell therapy in future studies. Previous studies demonstrated that nonspecific expansion of isolated IFN-γ+ T cells using irradiated autologous feeder cells did not result in antigen specificity while showing the acquisition of large numbers of cells [11, 15, 16] . Similarly, we showed that expanded IFN-γ+ T cells maintain high antigen-specific killing potential and functions ( fig. 3, 4) . While the IFN-γ CCS itself is promising, for broader application and successful treatment, it may be important to obtain greater numbers of cells. In the HSCT setting, even a cell dose of 360 cells/kg body weight was sufficient to elicit a clinical response [10] . However, patients receiving long-term immunosuppresants may require multiple doses of T cells for durable clinical response, and therefore the isolated final cell product could be allocated, expanded, and cryopreserved for multiple infusions, when needed. Furthermore, the optimal cell dose needed in an immunocompetent solid tumor patient may be different. For example, more than 2 × 10 7 CMV-specific T cells were infused for the treatment of CMV-associated glioblastoma, and the majority of the patients received up to four repeated infusions [27] . Therefore, expansion of highly enriched an-tigen-specific T cells following use of the IFN-γ CCS may be useful for overcoming the limitations of solid tumors, such as the immunosuppressive tumor microenvironment. In addition, the Clini-MACS Prodigy may be able to provide GMP-compliant and stable culture conditions via automated feeding and medium exchange. As all processes occur within a closed system with minimal manipulation, this may help to overcome some regulatory issues for manufacturing cell therapy products.
In addition to its clinical applicability, the CliniMACS Prodigy provides a more economically feasible therapy compared with current antiviral drugs. The toxicity of antiviral agents requires longterm hospitalization and additional costs for managing side effects. Furthermore, ganciclovir-induced myelosuppression limits its use for prophylaxis, resulting in overtreatment and continuous monitoring of CMV infection necessary for preemptive treatment. In contrast, adoptive CMV-CTL therapy is a safe and efficacious alternative that may successfully prevent CMV-related disease following HSCT. Our observations indicated that CMV-CTLs produced by the CliniMACS Prodigy have a high functional capacity and potential for long-term survival, providing evidence that reconstitution of CMV-specific immunity may be possible following administration. This will promote a significant reduction in treatment costs by eliminating treatment-related adverse events and avoiding unnecessary pharmacological management. Importantly, the reduced clean room requirements of the CliniMACS Prodigy allow treatment in outpatient clinics, thus reducing the need for hospital admission. Further studies and actual clinical trials using the CliniMACS Prodigy will be necessary to accurately characterize its benefits.
In conclusion, we demonstrated that the IFN-γ CCS by Clini-MACS Prodigy provides robust production of functional CMV pp65-specific T cells, which may be a promising therapeutic approach for CMV-related diseases following HSCT. In Europe, the CliniMACS Prodigy and related components are currently available as CE-marked medical devices. However, the final cell product is regulated as an Advanced Therapy Medicinal Product under Regulation 1394/2007/EC. In the USA and Asia-Pacific region, the CliniMACS Prodigy has been approved for research use only and requires approved Investigational New Drug application or Investigational Device Exemption for human therapeutic use. We believe that the future outlook for the CliniMACS Prodigy is promising. Translation of the CliniMACS Prodigy system into the clinic may be accelerated worldwide as it has the potential to overcome the regulatory challenges of cellular therapy with its closed system, automation, and standardized materials and software.
